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We propose a new mechanism for the generation of primordial
magnetic fields, making use of the magnetic fields which are
induced by anomalous global strings which couple to electro-
magnetism via Wess-Zumino type interactions. This mecha-
nism can be realized in QCD by utilizing pion strings, global
vortices which appear in the linear sigma model which de-
scribes physics below the QCD confinement scale. During the
chiral symmetry breaking phase transition, pion strings can
be produced, thus leading to primordial magnetic fields. We
calculate the magnitude and coherence length of these fields.
They are seen to depend on the string dynamics. With opti-
mistic assumptions, both the magnitude and coherence scale
of the induced magnetic fields can be large enough to explain
the seed magnetic fields of greater than 10−23 Gauss neces-
sary to produce the observed galactic magnetic fields via the
galactic dynamo mechanism.
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I. INTRODUCTION
The origin of galactic magnetic fields is still a mys-
tery. Observations (see e.g. [1] for a recent review) in-
dicate that magnetic fields in galaxies have strengths of
order 10−6 Gauss which are coherent on scales of several
kpc. Such fields can be produced by the galactic dynamo
mechanism (see e.g. [2] for a recent study) provided seed
magnetic fields of strength of between 10−23 and 10−19
Gauss are present initially.
There have been several proposals to generate the
required seed magnetic fields (see e.g. [3,4] for recent
reviews). A breaking of electromagnetic gauge invari-
ance in the early Universe [5] or a change in the gravita-
tional coupling [6] are two radical proposals which require
changes in basic physical principles. In string cosmology,
these effects may naturally arise [46]. Phase transitions in
the early Universe leads to another class of mechanisms
for generating primordial magnetic fields. The random
orientation of the fields may produce magnetic fields [8]
by the Kibble mechanism [9]. Although the initial mag-
nitude of the fields can be large on small scales in this
scenario, it is hard to generate the required amplitude of
the coherent seed fields on large scales [10]. Magnetic field
also can be generated in the collision of bubbles formed
at a first order phase transition [11,12], or by dynami-
cal charge separation during the phase transition [13,14].
Once again, it is hard to obtain coherence on large enough
scales. Superconducting cosmic strings may lead to mag-
netic fields via turbulence effects which take place in
the sting wakes [15]. Astrophysical mechanisms have also
been proposed (see e.g. [16–19]).
In this paper, we propose a new mechanism for the gen-
eration of primordial magnetic fields. It is based on the
realization [20] that anomalous global strings couple to
electricity and magnetism via an induced Fµν F˜
µν term in
the low energy effective lagrangian and induce magnetic
fields (note that such a term also is a crucial feature in
magnetic field generation mechanisms [21–23] based on
a pseudoscalar coupling to electricity and magnetism).
The major advantage of this mechanism is that the coher-
ence scale of the magnetic fields induced by these global
vortex lines is set by the length scale ξ(t) of the strings
(the typical curvature radius of the strings). In mod-
els which admit strings, strings are inevitably produced
during the symmetry breaking phase transition in the
early Universe [9]. Immediately after the phase transi-
tion, the string length scale is microscopic. However, the
string network rapidly approaches a scaling solution (see
e.g. [24–26] for recent reviews on cosmic strings) during
which ξ(t) is proportional to time t. In this way, there is
a natural way in which large-scale coherent fields can be
produced.
A concrete realization of our mechanism exists in QCD.
As was shown in [27], there exists a class of string-like
classical solutions of the effective theory (linear sigma
model) which describes strong interaction physics below
the confinement scale. These solutions are called pion
strings. During the chiral symmetry breaking phase tran-
sition at a temperature Tc ∼ 100 − 200MeV, a network
of pion strings forms. Pion strings are not topologically
stable, and they will hence eventually decay at a temper-
ature Td ∼ 1MeV.
We calculate the magnitude and coherence scale of
the primordial magnetic fields induced by the anomalous
global strings as a function of Tc and Td and demonstrate
that it is possible (but requires streching of some param-
eters) to use pion strings to generate the required seed
magnetic fields of greater than 10−23 Gauss coherent on
comoving scales of a few kpc.
In the following section, we give a brief review of pion
1
strings [27] and discuss the mechanism [20] by which they
generate primordial magnetic fields. In Section 3 we cal-
culate the magnitude and coherence length of the primor-
dial magnetic fields induced by anomalous global vortex
lines as a function of Tc and Td. The calculations apply
in the general case. We then specialize to the case of
pion strings. We conclude the paper with a discussion
of further applications of and open issues concerning our
general mechanism for magnetic field generation. For
most of the paper, we work in natural units.
II. PION STRINGS AND INDUCED MAGNETIC
FIELDS
In this section we will review the work of [27] in
which it was shown that below the chiral symmetry
breaking scale, the effective lagrangian of strong inter-
action physics admits global vortex line solutions, the
pion strings. We then use the results of [20] to demon-
strate that these vortex lines generate primordial mag-
netic fields.
We consider an idealization of QCD with two species
of massless quarks u and d. The lagrangian of strong
interaction physics is invariant under SUL(2) × SUR(2)
chiral transformations
ΨL,R → exp(−i~θL,R · ~τ)ΨL,R, (1)
where ΨTL,R = (u, d)L,R. However this chiral symme-
try does not appear in the low energy particle spectrum
since it is spontaneously broken to the diagonal subgroup
SUL+R(2) by the vacuum of QCD via quark condensate
formation. Consequently, three Goldstone bosons, the
pions, appear and the (constituent) quarks become mas-
sive. At low energy, the spontaneous breaking of chiral
symmetry can be described by an effective theory, the
linear sigma model, which involves the massless pions ~π
and a massive σ particle.
As usual, we introduce the field
Φ = σ
σ0
2
+ i~π
~τ
2
, (2)
where τ0 is unity matrix and ~τ are the Pauli matrices
with the normalization condition Tr(τaτb) = 2δab. Un-
der SUL(2) × SUR(2) chiral transformations, Φ trans-
forms as
Φ→ L+ΦR. (3)
The renormalizable effective lagrangian of the linear
sigma model is given by [28]
L = LΦ + Lq, (4)
where
LΦ = Tr[(∂µΦ)+∂µΦ]− λ[Tr(Φ+Φ)− f
2
pi
2
]
2
, (5)
and
Lq = Ψ¯Liγµ∂µΨL + Ψ¯Riγµ∂µΨR − 2gΨ¯LΦΨR + h.c..
(6)
During chiral symmetry breaking, the field σ takes on
a nonvanishing vacuum expectation value, which breaks
SUL(2) × SUR(2) down to SUL+R(2). This results in
a massive sigma σ [29] and three massless Goldstone
bosons ~π, as well as giving a mass mq = gfpi to the
constituent quarks. Numerically, fpi ∼ 94 MeV and
mq ∼ 300 MeV.
In an earlier paper, we studied the classical solutions
of this model and discovered a class of vortex-like con-
figurations which we refer to as pion string [27]. Like
the Z string [34] of the standard electroweak model, the
pion string is not topologically stable. Nevertheless, as
demonstrated recently in numerical simulations in the
case of semilocal strings [35] (which are also not topolog-
ically stable) pion strings are expected to be produced
during the QCD phase transition in the early Universe
(and also in heavy-ion collisions). The strings will sub-
sequently decay.
The pion string is a static configuration of the la-
grangian LΦ of Eq. (5). To construct these solutions,
we define new fields (following the notation of Ref. [27])
φ =
σ + iπ0√
2
, (7)
π± =
π1 ± iπ2√
2
. (8)
The lagrangian LΦ now can be rewritten as
L = (∂µφ)∗∂µφ+ ∂µπ+∂µπ− − λ(π+π− + φ∗φ− f
2
pi
2
)
2
.
(9)
For static configurations, the energy functional corre-
sponding to the above lagrangian is given by
E =
∫
d3x
[
~▽φ∗ ~▽φ+ ~▽π+ ~▽π− + λ(π+π− + φ∗φ− f
2
pi
2
)
2
]
.
(10)
The time independent equations of motion are:
▽2φ = 2λ(π+π− + φ∗φ− f
2
pi
2
)φ, (11)
▽2π+ = 2λ(π+π− + φ∗φ− f
2
pi
2
)π+. (12)
The pion string solution extremising the energy func-
tional of Eq. (10) is given by
2
φ =
fpi√
2
ρ(r)eiθ , (13)
π± = 0, (14)
where the coordinates r and θ are polar coordinates in the
x−y plane (the string is assumed to lie along the z axis),
and ρ(r) satisfies the following boundary conditions
r → 0, ρ(r)→ 0; (15)
r→∞, ρ(r)→ 1. (16)
To study primordial magnetic field generation, we turn
on the Uem(1) electromagnetic interaction by replacing
the derivatives in eqs. (5) and (6) by covariant deriva-
tives. Since a pion string is made of σ and π0 fields,
it is neutral under the Uem(1) symmetry. However,
the π0 will couple to photons via the Adler-Bell-Jackiw
anomaly. In the linear sigma model, the effective cou-
pling of π0 to photons is obtained from the contribution
of the quark triangle diagram [36]. At low energy, only
massless particles [37], the pion and photon, are impor-
tant. Integrating out the heavy particles, the sigma and
the constituent quarks, the effective lagrangian to leading
order is
Llow = f
2
pi
4
Tr(∂µΣ
+∂µΣ)− 1
4
FµνF
µν − Ncα
24π
π0
fpi
ǫµναβFµνFαβ ,
(17)
where Nc = 3, Σ = exp(i~τ · ~π/fpi), and α is the electro-
magnetic fine structure constant.
The classical equation of motion for the electromag-
netic field obtained from eq. (17) is
∂µF
µν = −α
π
∂µ(
π0
fpi
) ˜Fµν . (18)
Similar equations with the anomalous Axion string have
been solved by Kaplan and Manohar in Ref. [20]. We
closely follow their procedure and hence here only report
the results.
The crucial point is that via the anomaly term in (18)
charged zero modes on the string will induce a magnetic
field circling the string which falls off less rapidly as a
function of the distance from the string than expected
classically. Zero mode currents, in turn, are automati-
cally set up by the analog of the Kibble mechanism [9]
at the time of the phase transition. Thus, magnetic
fields coherent with the strings are automatically gen-
erated during the phase transition.
In the background of an infinite string in the z di-
rection, there are two static solutions which are z-
independent
Er = C+r
−1−α/pi + C−r
−1+α/pi , (19)
Bθ = C+r
−1−α/pi − C−r−1+α/pi , (20)
with the other fields vanishing. The coefficients C± can
be determined by the zero mode current along the pion
string [20]. Note that the electromagnetic fields fall off
less fast than expected classically, and that the decay
rate depends on the strength of the anomalous coupling.
For the up quark coupled to the pion string, the Dirac
equation can be obtained from Lq in (6). Following from
an index theorem [38] we deduce the existence of a single
zero mode solution which is independent of z and t and
normalizable in the x-y plane. In the notation of Ref.
[20], this solution is
uL = η(t, z)exp[−gfpi
∫ r
0
ρ(r)dr], (21)
uR = −iγ1uL. (22)
This zero mode corresponds to a fermion travelling in the
−zˆ direction at the speed of light and generates a zero
mode current
jµzero−mode =
QuNcn
2π
f(r)(1, 0, 0, 1), (23)
where n is the number of quarks per unit length along
the pion string, Qu = 2e/3 and
f(r) =
exp[−2gfpi
∫ r
0 ρ(r
′)dr′]∫∞
0
exp[−2gfpi
∫ r′
0
ρ(r”)dr”]r′dr′
, (24)
which measures the (normalized) transverse spread of
the zero mode current and falls off [20] exponentially as
e−2mqr. Down quarks couple to φ∗ ∼ σ − iπ0 instead of
to φ. Hence, for down quarks the pion string looks like
an anti-vortex [39]. Consequently, the zero mode fermion
travels in the opposite direction. Since Qu =
2
3e and
Qd = − 13e, the net zero mode currect flows in the −zˆ
direction,
jµ = Nc
en
2π
f(r)(1, 0, 0, 1). (25)
This allows the determination [20] of the coefficients C+
and C−, with the result C+ = 0 and C− = Nc
en
2pi r
−α/pi
0 ,
where that r0 ≥ (2mq)−1. Thus we have
Er = −Bθ = Nc en
2π
(2mq)
α/pi
r−1+α/pi . (26)
III. SEED MAGNETIC FIELD FROM GLOBAL
STRINGS
In this section we estimate the magnitude of the mag-
netic field generated by global anomalous strings which
are coherent on galactic scales. The two important scales
are temperature Tc when the symmetry breaking phase
transition which gives rise to the strings occurs, and the
3
temperature Td when the string network decays (when
the strings become unstable). Plasma effects will, for
the moment, be neglected. We will briefly discuss these
effects in the discussion section.
Generalizing the discussion of the previous section of
magnetic fields from pion strings to the case of general
anomalous global strings, we conclude that the coherent
magnetic fields induced by the strings at a distance r
from the string have the magnitude
B = Nc
en
2π
(
r
r0
)α/pi
1
r
, (27)
where n is the number density of charge carriers on the
string, r0 is the width of the string and α ≪ 1. By di-
mensional analysis, at the time tc when the strings form,
their width will be r0 ∼ T−1c , and the number density of
charge carriers is n ∼ Tc. For our general study, we take
α to be an effective anomalous coupling. In our specific
model based on the chiral phase transition of QCD, it is
the electromagnetic coupling constant. However, it could
be larger than that for a model with a big coeefficient of
the Wess-Zumino term.
The evolution of the string network in the time in-
terval during which the Universe cools from Tc to Td is
complicated. Initially, the strings have a typical curva-
ture radius and separation of ξ(Tc) (“correlation length”)
which then increases rapidly and eventually approaches a
scaling solution in which ξ(t) ∼ t. During this evolution,
the charge density is diluted as the strings stretch (by to-
tal charge conservation), but the mergers of small string
segments into larger ones leads to a buildup of charge
which can be modelled as a random walk superposition
of the charges of the individual segments. Hence, the
charge carrier density n(td) of a string at time td when
the correlation length is ξ(td) is
n(td) ∼ ξ(tc)
ξ(td)
(ξ(td)
ξ(tc)
)1/2
n(tc) , (28)
where the first factor on the r.h.s. comes from the stretch-
ing, and the second from the random walk superposition.
If the initial separation of strings is microscopic, then
their evolution at early times will be friction-dominated
and
ξ(t) ∼ tp (29)
where [40] p = 5/4 or [41] p = 3/2 until ξ(t) becomes com-
parable to the Hubble radius t. At late times, the corre-
lation length scales as t (i.e. p = 1 in (29)). We assume
that the strings decay during the radiation-dominated
epoch. In this case it follows from (28) that
n(td) ∼
(Td
Tc
)p
n(tc) . (30)
Combining the above results, it follows that
B(Td) ∼ Nc e
2π
Tc
r
(Td
Tc
)p
(rTc)
α/pi (31)
= Nc
e
2π
Tc
1GeV
r−1m
(Td
Tc
)p
(rTc)
α/piGeV
m
, (32)
where rm is the distance in meters. Converting from
natural to MKSA units (and remembering to insert the
factors of c and µ0) this gives
B(Td) ∼ 105 Tc
1GeV
r−1m
(Td
Tc
)p
(rTc)
α/piGauss . (33)
Between string decay and the present time, we assume
that the magnetic field lines are fixed in comoving coor-
dinates. By flux conservation, it hence follows that the
magnitude of B at some fixed comoving point scales as
z(t)2, where z(t) is the cosmological redshift. We are in-
terested in comoving distances from the string which are
of galactic scales, i.e. of the order kpc (1019m). At the
time td, the corresponding distance r was smaller by a
factor of z(td)
−1. Hence
B(t0) ∼ 10−14 Tc
1GeV
r−1kpc
(Td
Tc
)p
(rTc)
α/pi
(T0
Td
)
Gauss ,
(34)
where t0(T0) denote the present time (temperature), and
rkpc is the present distance from the original comoving
location of the string expressed in kpc. Note that r is the
physical distance at Td.
In the case of the pion string, we make the assumption
that ξ(t) ∼ t for all times. In contrast, topologically
stable strings formed at the QCD scale would be formed
with a microscopic ξ(tc) and would remain in the friction-
dominated period with ξ(t) ≪ t until the present time.
However, since pion strings are not topologically stable,
their formation probability will be smaller and it is not
unreasonable to take the causality bound t as an estimate
for the string separation. Given this assumption, we can
estimate the resulting magnetic field strength by setting
Tc ∼ 1GeV, Td ∼ 1MeV and p = 1 in (34), thus obtaining
B(t0) ∼ 10−26(rTc)α/piGauss . (35)
Since r is a cosmological distance and T−1c is microscopic,
the enhancement factor (the second term on the r.h.s. of
(35)) can be large (if the effective coupling α is large)
and may boost the magnitude of B(t0) to a value large
enough to seed the galactic dynamo effect.
We must also worry about the coherence scale of the
induced magnetic field at the present time. Once again,
making use of the reasonable assumption that after Td
the field lines are frozen in comoving coordinates, the
coherence length is ξ(td)c, where the subscript indicates
comoving coordinates, with
ξ(td)c = βtdz(td) = β10
−2kpcTd[MeV]
−1 , (36)
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where β is a constant which for scaling strings is of the
order 1. On scales larger than ξ(td)c, the fields add up
incoherently as a random walk, yielding for the average
field
B¯ =
( 1
N
)1/2
B(t0) , (37)
where
N =
( d
ξ(td)c
)2
= d[kpc]2β−2104Td[MeV]
2 , (38)
where d is the scale on which we want to calculate the
coherent magnetic field. For the values of the pion string
chosen above, B¯ is reduced compared to (35) by about
two orders of magnitude. Note, however, that the mag-
netic field lines may actually not be frozen in comoving
coordinates [42], in which case the suppression factor as-
sociated with the N of (38) would be reduced.
Thus, we conclude that although the global string
mechanism discussed in this paper can easily explain
how QCD-scale strings can generate primordial magnetic
fields which are coherent on the required scales, one re-
quires either a large value of the anomalous coupling α in
order that the amplitude is sufficient for seeding a galac-
tic dynamo, or else one needs to invoke nonlinear hydro-
dynamical effects [43,44] which may increase the magni-
tude of the magnetic fields by several orders of magni-
tude.
IV. DISCUSSION
In this paper we have discussed the cosmological mag-
netic fields induced by global anomalous strings. Due to
the existence of charged zero modes on the string, coher-
ent magnetic fields are generated when the strings form at
a temperature Tc and evolve thereafter. We have pointed
out that the stretching of the string network provides a
natural mechanism of increasing the coherence length of
the magnetic fields to scales which could be important
for cosmology.
We have focused our attention on a particular example,
pion strings which form at the QCD phase transition.
Pion strings are unstable and hence the network of strings
will decay at a temperature Td ≪ Tc. We have calculated
the amplitude and coherence length of the magnetic fields
as a function of Tc, Td and of the effective coupling α to
the anomaly. This calculation is applicable to general
theories with global anomalous strings, in particular to
axion strings.
The typical coherence scale of the induced magnetic
fields is determined by the decay temperature Td. Pro-
vided that Td < 10
−2MeV then the coherence scale of the
fields induced by a single string at Td is sufficiently large
to explain the length scale of coherent galactic magnetic
fields (assuming that the string network is scaling at Td).
The amplitude of the induced magnetic fields depends
sensitively on the history of the string network. We ob-
tain the largest amplitude if we assume that the strings
were scaling throughout their history (i.e. p = 1 in (29)).
In this case, the amplitude is independent of Td and de-
pends on Tc only via factor (rTc)
α/pi which comes from
the crucial fact that the fields fall off less fast as a func-
tion of the distance from the string than would be ex-
pected from classical considerations. Neglecting this fac-
tor, we find that the amplitude is too small by a few
orders of magnitude to explain the required seed fields
for the galactic dynamo. However, by taking this factor
into account, it may be possible to generate sufficiently
large fields. If Tc is the QCD scale and α the electro-
magnetic fine structure constant, the enhancement fac-
tor is too small (only order unity). However, if the ef-
fective coupling to the anomaly is large or if Tc is very
large, such as for axion strings, then the fields generated
by the mechanism discussed in this paper will be suffi-
ciently large to explain the seed fields for the galactic
dynamo. Even without the enhancement factor coming
from a large value of α, the magnetic fields may be suf-
ficiently large if nonlinear hydrodynamical effects [43,44]
are taken into account.
Plasma effects have been neglected in this paper. How-
ever, it is known that a magnetized plasma will resist the
expansion of magnetic fields in comoving coordinates (see
e.g. [45] and references therein). The time scale τ(l) re-
quired for magnetic fields to diffuse a physical distance l
in a plasma of temperature T is
τ = σl2 , (39)
where σ is the diffusion constant. By dimensional anal-
ysis (see also [46]), we expect σ ∼ T . Hence, it follows
that the time scale for a magnetic field to diffuse a dis-
tance ξ(Td) ∼ td at a plasma temperature Td is much
larger than the Hubble time at the corresponding time
td, which implies that before recombination, the mag-
netic fields produced by the strings will not look like the
vacuum configurations on a scale of td However, after
recombination the Universe will be electrically neutral,
and the resistance to the expansion of the magnetic fields
will disappear. Provided that the plasma effects do not
destroy the magnetic fields set up at the time td by the
strings, the fields will rapidly approach their vacuum dis-
tribution calculated in the previous section.
Since there are generically charged zero modes for su-
perconducting cosmic strings, the mechanism for mag-
netic field generation discussed here may also apply to
such strings (a very similar mechanism has been proposed
in [47]). However, one must be careful to consider the
cosmological constraints on the amplitude of zero modes
on superconducting cosmic strings [48].
Acknowledgements
5
We thank Tao Huang, A.-C. Davis and G. Field for
discussions. R.B. wishes to thank the Institute of High
Energy Physics of the Academia Sinica for its generous
hospitality during a visit when this project was started.
This work was supported in part by National Natural
Science Foundation of China and by the U.S. Department
of Energy under Contract DE-FG02-91ER40688, TASK
A.
[1] R. Beck et al., Ann. Rev. Astr. Astrophys. 34, 155 (1996).
[2] K. Subramanian, Can the turbulent galactic dynamo gen-
erate large-scale magnetic fields?, astro-ph/9707280.
[3] A. Olinto, Primordial magnetic fields, astro-ph/9807051.
[4] K. Enqvist, Magnetic fields in the early Universe, astro-
ph/9707300.
[5] M. Turner and L. Widrow, Phys. Rev. D30, 2743 (1988);
R. Opher and U. Wichoski, Phys. Rev. Lett. 78, 787
(1997).
[6] B. Ratra, Astrophys. J. (Lett.) 391, L1 (1992); B. Ratra,
Phys. Rev. D45, 1913 (1992).
[7] M. Gasperini, M. Giovannini and G. Veneziano, Phys.
Rev. Lett. 75, 3796 (1995).
[8] T. Vachaspati, Phys. Lett. B265, 258 (1991).
[9] T.W.B. Kibble, J. Phys. A9, 1387 (1976).
[10] E. Kim, A. Olinto and R. Rosner, Astrophys. J. 468, 28
(1996).
[11] T.W.B. Kibble and A. Vilenkin, Phys. Rev. D52, 679
(1995).
[12] J. Ahonen and K. Enqvist, Phys. Rev. D57, 664 (1998).
[13] B. Cheng and A. Olinto, Phys. Rev. D50, 2421 (1994).
[14] G. Sigl, A. Olinto and K. Jedamzik, Phys. Rev. D55,
4582 (1997).
[15] K. Dimopoulos, Phys. Rev. D57, 4629 (1998).
[16] M. Rees, Quart. J. Roy. Astr. Soc. 28, 197 (1987).
[17] M. Rees, in Cosmical magnetism, ed. D. Lynden-Bell
(Kluwer, London, 1994).
[18] K. Subramanian, Bull. Astr. Soc. Ind. 23, 481 (1995).
[19] K. Subramanian, D. Narasimha and S. Chitre, Mon. Not.
Roy. Astron. Soc. 271, L15 (1994).
[20] D. Kaplan and A. Monahar, Nucl. Phys. B302, 280
(1988).
[21] W. Garretson, G. Field and S. Carroll, Phys. Rev. D46,
5346 (1992).
[22] M. Joyce and M. Shaposhnikov, Phys. Rev. Lett. 79, 1193
(1997).
[23] S. Carroll and G. Field, Primordial magnetic fields that
last?, astro-ph/9807159.
[24] A. Vilenkin and E.P.S. Shellard, Strings and other
topological defects (Cambridge Univ. Press, Cambridge,
1994).
[25] M. Hindmarsh and T.W.B. Kibble, Rept. Prog. Phys. 58,
477 (1995).
[26] R. Brandenberger, Int. J. Mod. Phys. A9, 2117 (1994).
[27] X. Zhang, T. Huang and R. Brandenberger, Phys. Rev.
D58, 027702 (1998); hep-ph/9711452.
[28] C. Itzkson and J.-B. Zuber, Quantum Field Theory, (Mc-
Graw-Hill, New York, 1980); J.F. Donoghue, E. Golowich
and B. Holstein, Dynamics of the Standard Model, (Cam-
bridge University Press, 1992).
[29] The identification of the σ particle is highly controversial.
In the Particle Data Tables [30] it is listed as a very broad
meson with mσ ∼ 400 − 1200 MeV and Γσ ∼ 600 −
1200 MeV. In nuclear physics, the σ particle plays an
important role and there are many recent works devoted
to searching for it in pipi scattering [31]. In recent years,
the SUL(2)×SUR(2) ∼ O(4) linear sigma-model has been
often used as a model in studies of the physics associated
with the chiral phase transition [32] and of the disoriented
chiral condensates [33] in heavy ion collisions.
[30] Particle Data Book, Phys. Rev. D54 (1996).
[31] see, for examples, M. Napsuciale, hep-ph/9803396; G.A.
Kozlov, hep-ph/9804344; M. Harada, hep-ph/9702332.
[32] For example, see, R.D. Pisarski, ”Applications of Chiral
Symmetry” (hep-ph/9503330).
[33] K. Rajagopal and F. Wilczek, Nucl. Phys. B379, 395
(1993); B404, 577 (1993).
[34] T. Vachaspati, Phys. Rev. Lett. 68, 1977 (1992); Nucl.
Phys. B397, 648 (1993).
[35] A. Achucarro, J. Borrill and A. Liddle, The formation
rate of semilocal strings, hep-ph/9802306.
[36] For a recent study of pi0 → γγ at zero and finite tem-
perature in linear sigma model, see R.D. Pisarski, Phys.
Rev. Lett. 76, 3084 (1996).
[37] In the case of massive pions when the current quark
masses are included, there will be one term like TrΣ
which should be added to Llow in (17). Such a model
gives rise to a class of pionic breather solutions. Recently
J. Normuzdiar, S. Hsu (hep-ph/9805382) and V. Gani
et al (hep-ph/9712526) have investigated the possibility
of observing this kind of unstable classical solutions at
RHIC. But they have not taken into account the Wess-
Zumino term.
[38] E. Weinberg, Phys. Rev. D24, 2669 (1981).
[39] E. Witten, Nucl. Phys. B249, 557 (1985).
[40] T.W.B. Kibble, Acta Physica Polonica B13, 723 (1982).
[41] R. Brandenberger and A. Riotto, A new mechanism for
baryogenesis in low energy supersymmetry breaking mod-
els, hep-ph/9801448.
[42] K. Dimopoulos and A.-C. Davis, Phys. Lett. B390, 87
(1997).
[43] A. Brandenburg, K. Enqvist and P. Olesen, Phys. Rev.
D54, 1291 (1996).
[44] A. Brandenburg, K. Enqvist and P. Olesen, Phys. Lett.
B391, 395 (1997).
[45] E. Chudnovskii, G. Field, D. Spergel and A. Vilenkin,
Phys. Rev. D34, 944 (1986).
[46] M. Giovannini and M. Shaposhnikov, Phys. Rev. D57,
2186 (1998).
[47] C. Martins and E.P.S. Shellard, Phys. Rev. D57, 5276
(1998).
[48] R. Brandenberger, A.-C. Davis, A. Matheson and M.
Trodden, Phys. Lett. B293, 287 (1992).
6
